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Abstract  
The Shuram-Wonoka excursion, the largest documented negative carbon isotope 
anomaly, occurs globally in the Ediacaran. Precise determination of the duration of the 
Shuram-Wonoka excursion is pivotal in understanding its controversial origin. Here, we 
present a detailed paleo- and rock magnetic, cyclostratigraphic and carbon isotope study 
of a complete record of the Shuram-Wonoka excursion in the Doushantuo Formation at 
the Dongdahe section in eastern Yunnan Province, South China. Although paleomagnetic 
results indicate a Cretaceous thermoviscous remanent magnetization related to the 
Yanshanian orogeny in South China, careful mineralogical examination shows that 
variations in the concentration of detrital magnetite can faithfully record astronomically-
forced climate oscillations in the Ediacaran. Multi-taper method spectral analysis of 
magnetic susceptibility and anhysteretic remanent magnetization (ARM) 
cyclostratigraphies yields significant peaks at consistent frequencies. Based on the ratios 
of their wavelengths, these peaks are assigned to a suite of Milankovitch cycles (long 
eccentricity, short eccentricity, obliquity and precession), permitting the sediment 
accumulation rate of the Doushantuo Formation to be calculated as 1.03 cm/kyr. By 
extrapolation, a 9.4 ± 1.0 Myr duration is suggested for the entire Shuram-Wonoka 
excursion in South China. This result is in good agreement with independent estimates 
from exposures in North America and South Australia, thus supporting a primary origin 
for the Shuram-Wonoka excursion. In combination with published geochronological data, 
we suggest that the age of the excursion’s onset is possibly ca. 560 Ma, thus providing a 
robust chronostratigraphic framework for evaluating the relationship between the 
excursion and the life evolution in the Ediacaran.   
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1. Introduction 
The Ediacaran Period (ca. 635-541 Ma; Knoll et al., 2006) witnessed the Earth’s 
largest negative carbon isotope anomaly, the Shuram-Wonoka excursion. This excursion 
is distinguished by its pronounced depletion in δ13C values (as low as -12‰), extended 
stratigraphic persistence and wide global distribution (Grotzinger et al., 2011). The origin 
of the Shuram-Wonoka excursion remains enigmatic because the persistent depleted δ13C 
values are not easily understood in terms of the modern Earth’s carbon cycle (Bristow 
and Kennedy, 2008; Bjerrum and Canfield, 2011). Although a range of qualitative and 
quantitative models have been proposed to explain the unusual negative δ13C values 
(Rothman et al., 2003; Knauth and Kennedy, 2009; Derry, 2010; Bjerrum and Canfield, 
2011), there is no consensus regarding whether they record the ancient ocean’s 
geochemistry or are the products of diagenetic alteration (Grotzinger et al., 2011).  
It is believed that there is a causal link between the Shuram-Wonoka excursion and 
the evolution of the Ediacaran-type biota (Condon et al., 2005; Zhu et al., 2007). This 
contention is based on the assumptions that the excursion was generated by the oxidation 
of organic carbon in the deep ocean, coeval with the rise of the oxygen content during the 
late Neoproterozoic (Fike et al., 2006; Canfield et al., 2007; McFadden et al., 2008). 
Hence, to understand the origin of the Shuram-Wonoka excursion and its implications for 
life evolution in the Ediacaran, it is important to have a detailed chronostratigraphic 
framework. However, due to the lack of robust biostratigraphic and radiometric age 
constraints, global stratigraphic correlations of the Shuram-Wonoka excursion are based 
mainly on the chemostratigraphy of its global occurrences (Grotzinger et al., 2011). 
Alternatively, determining the duration of the Shuram-Wonoka excursion at high 
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resolution is useful for global comparisons and for understanding its controversial origin. 
If the excursion represents a primary depositional event, its duration should be identical 
at any of its global occurrences. But if the excursion was produced by diagenetic 
alteration, its duration would likely differ between occurrences. Many 
chronostratigraphic studies have been conducted to directly estimate the duration of the 
Shuram-Wonoka excursion in North America (Minguez et al., 2015); in Oman (Le 
Guerroué et al., 2006; Bowring et al., 2007); in South Australia (Minguez and Kodama, 
in prep.) and in Siberia (Melezhik et al., 2009). However, only a few studies have been 
conducted in South China, where the Shuram-Wonoka excursion has been widely 
observed across the Yangtze carbonate platform in fossiliferous Doushantuo Formation 
(Condon et al., 2005; Zhu et al., 2007; Lu et al., 2013). On the basis of zircon U-Pb ages 
obtained from an ash layer in the Yangtze Gorges area, Condon et al. (2005) estimated 
that the excursion lasted for 1-10 million years in South China and terminated at ca. 551 
Ma. A more recent Sr isotope study suggests that the minimum duration of the excursion 
in South China is 15 Myr and could be as long as 30 Myr (Cui et al., 2015). These 
estimates have considerable uncertainties and are insufficiently precise for global 
correlations, pointing to the need for a high-resolution study of the duration for the 
Shuram-Wonoka excursion in South China.  
Rock magnetic cyclostratigraphy has been shown to be a useful tool for determining 
a high-resolution chronostratigraphy in both Phanerozoic and Precambrian age 
sedimentary sequences (Kodama and Hinnov, 2015). Using this technique, Minguez et al. 
(2015) suggest that the Shuram-Wonoka excursion lasted for 8.2 ± 1.2 million years 
based on the Johnnie Formation of the Death Valley region, North America. Applying the 
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same method to the Wonoka Formation, South Australia yields an 8.0 ± 0.5 Myr duration 
for the excursion (Minguez and Kodama, in prep.). In addition, a reversed-to-normal 
geomagnetic polarity transition was discovered at the nadir of the carbon isotope 
stratigraphy in both the Johnnie and Wonoka formations, further supporting the global 
synchroneity of the Shuram-Wonoka excursion (Minguez et al., 2015; Minguez and 
Kodama, in prep.). Although rock magnetic cyclostratigraphic studies provide similar 
durations for the Shuram-Wonoka excursion, the accuracy of the duration estimated from 
the North American strata should be considered with some caution. The magnetic 
susceptibility cyclostratigraphy from the Johnnie Formation covers only 10% of the 
Shuram-Wonoka excursion (Minguez et al., 2015). Linear extrapolation assumes that the 
sediment accumulation rate remained unchanged for the remaining 90% of the excursion, 
whereas changes in lithology have been observed over the 300-500 stratigraphic 
thickness of the Johnnie Formation (Corsetti and Kaufman, 2003), suggesting changes in 
the depositional environment and, thus, different sediment accumulation rates. 
Furthermore, in the Johnnie Formation, Minguez et al. (2015) identified Milankovitch 
cycles mainly by the ratio of short eccentricity to obliquity. Although the period of 
eccentricity cycle is regarded as stable over geologic time, the periods of obliquity and 
precession cycles have larger uncertainties in the deep past compared to present values 
(Laskar et al., 2011). Given the uncertainties in precession and obliquity, the ratio of 
short eccentricity to obliquity is indistinguishable from the ratio of short eccentricity to 
precession at times before 300 Ma (Waltham, 2015). Therefore, using the ratio of only 
two Milankovitch cycles might complicate the identification of significant peaks in 
spectral analysis.  
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The power of rock magnetic cyclostratigraphy for determining a high-resolution 
duration for the Shuram-Wonoka excursion, as well as the extrapolation and the use of 
ratio of only two Milankovitch cycles in Minguez et al. (2015)’s study in North America, 
prompted us to apply this technique to another occurrence of the excursion, where a more 
complete record of the excursion could be used for correct interpretation of the 
significant peaks in spectral analysis. In this paper, we present a detailed paleo- and rock 
magnetic, cyclostratigraphic and carbon isotope study of the Doushantuo Formation at 
the Dongdahe section in eastern Yunnan Province, South China. Based on our results, the 
duration of the Shuram-Wonoka excursion in South China is 9.4 ± 1.0 Myr, agreeing well 
with the results from North America and South Australia, and supporting a primary origin 
for the excursion. Combining the estimated duration of the Shuram-Wonoka excursion 
with published geochronological data, we propose that the age of the excursion’s onset is 
ca. 560 Ma, thus providing a robust chronostratigraphic framework for accessing the 
relationship between the excursion and life evolution in the Ediacaran. 
 
2. Geologic Background 
The Ediacaran sequence on the Yangtze carbonate platform in South China consists 
of the Doushantuo and Dengying formations, both deposited on a rifted continental 
margin after the breakup of Rodinia (Wang and Li, 2003). Stratigraphically sandwiched 
between the Cryogenian Nantuo diamictite and the Ediacaran Dengying dolostone, the 
Doushantuo Formation is usually divided into four stratigraphic members based on facies 
variations (Jiang et al., 2011). Two lithological marker beds, a cap carbonate bed 
(Member I) at the base and an organic-rich black shale (Member IV) at the top of the 
	   6	  
Doushantuo Formation, are widely used in stratigraphic correlations across the Yangtze 
carbonate platform in South China (Jiang et al., 2011). The Doushantuo Formation hosts 
three negative carbon isotope excursions, among which the one with the most depleted 
δ13C values in Doushantuo Members III and IV is regarded as equivalent to the Shuram-
Wonoka excursion (Zhu et al., 2007; McFadden et al., 2008). The Doushantuo/Dengying 
boundary is generally accepted as the termination of the Shuram-Wonoka excursion in 
South China (Lu et al., 2013). The age of the Doushantuo/Dengying boundary is 
constrained to be ca. 551 Ma based on zircon U-Pb ages from an ash layer in the Yangtze 
Gorges area (Condon et al., 2005) and has been widely regarded as the age of the 
excursion’s termination (Zhu et al., 2007; Fike et al., 2006; Grotingzer et al., 2006).  
Previous studies show that the Dongdahe section (24.7°N, 102.9°E; Figure 1) was 
paleogeographically located at the southwestern margin of the Yangtze carbonate 
platform and was deposited in a shallow-water basin (Jiang et al., 2011; Lu et al., 2013). 
Here, the Doushantuo Formation is about 180 m thick, which consists of 50-m of 
brownish sandstone and silty shale (Member I); approximately 120-m of thickly-bedded 
dolostone interbedded shale and thinly-bedded, laminated muddy limestone (Member II 
and III); and an 8-m black shale (Member IV; Zhu et al., 2007). The entire Shuram-
Wonoka excursion was recorded in 91.2 ± 9.5 m in the Doushantuo Members III and IV 
at the Dongdahe section. The uncertainty of this thickness is because that the carbon 
isotope stratigraphy of Zhu et al. (2007) does not constrain the exact position of the 
beginning of the excursion (Figure 2b). The asymmetric morphology of the excursion is 
the result of a quick decrease and a relatively prolonged recovery in δ13C values in the 
Doushantuo Members III and IV (Zhu et al., 2007; Figure 2b). In the field, we observed 
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that the lower Dongdahe section is inaccessible in a cliff, prohibiting stratigraphically 
continuous sampling of this part of the excursion. The upper Dongdahe section, which 
includes the upper part of Doushantuo Member III and the entire Doushantuo Member 
IV, is along a roadcut with bedding dipping to the east (mean bedding: strike/dip = 
9°NE/40°E) and has a stratigraphic thickness of 53 m. Regional geologic investigations 
show that the folding was of mid-Tertiary age (Liang et al., 1984) and probably related to 
the Indo-Asian collision in the Cenozoic. The Mesozoic Yanshanian and Indosinian 
orogenies in South China pervasively affected the geology of this area (Zhang et al., 
2013). 
 
3. Methods  
3.1 Sampling and Preparation 
The highest frequency resolvable in spectral analysis, known as the Nyquist 
frequency [fN=1/(2*sampling interval)], directly determines the cycle with the shortest 
wavelength that could be observed in the power spectrum. Theoretical estimates of 
Milankovitch cycles suggest that the longest precession period at 550 Ma is of 20.3 ± 1.7 
kyr (Waltham, 2015). The average thickness of the bedding in the Doushantuo limestone 
is ~ 10 cm so we chose this sampling interval for rock magnetic cyclostratigraphy, which 
means that our Nyquist frequency is 5 m-1. As long as the sediment accumulation rate of 
the Doushantuo Formation is higher than 0.98 cm/kyr, this Nyquist frequency should 
allow us to observe the variations in rock magnetic parameters beating to all 
Milankovitch cycles in the power spectrum. Otherwise, we would not be able to observe 
precession but would still be able to see long eccentricity, short eccentricity and 
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obliquity. In the field, we tied our sampling to the 8-m black shale (Doushantuo Member 
IV). Since no samples were collected from the black shale, our samples covered 45 m of 
the Doushantuo Member III. A total of 450 unoriented hand samples were collected for 
rock magnetic cyclostratigraphy. Unoriented samples were drilled using a drill press and 
a diamond bladed saw to yield mini-cores that were trimmed to a uniform size (1.5 cm in 
length, 1.0 cm in diameter) at Lehigh University. Using a portable gasoline-powered drill, 
we collected oriented samples from 24 sites for paleomagnetic measurements at a 
sampling interval of 2-3 m. Each site contains at least 3 oriented samples. These samples 
were trimmed to get 101 standard size paleomagnetic cores (2.2 cm in length, 2.5 cm in 
diameter) in total. Rock chips left over from preparation of the unoriented 
cyclostratigraphic samples were trimmed to remove any weathered surfaces for carbon 
isotope, rock magnetic and scanning electron microscopic (SEM) analyses.  
 
3.2 Magnetic Measurements 
Stepwise demagnetization of a total of 101 oriented cores was conducted in a 
magnetostatically-shielded room with a background field less than 350 nT at Lehigh 
University’s Paleomagnetism Laboratory. Thermal demagnetization was conducted 
typically from 100 °C to 580 °C in 20 steps using an ASC Model TD-48SC thermal 
demagnetizer. Remanence was measured by a 2G Enterprises 755 superconducting rock 
magnetometer. Alternating-field (AF) demagnetization was conducted on sister cores in 5 
mT intervals from 0 mT to 110 mT using an AF demagnetizer built into the 2G 
superconducting magnetometer. Cores in which the remanence failed to be completely 
removed by the AF technique were further thermally demagnetized in 3 steps from 150 
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°C to 200 °C. Vector-endpoint diagrams (Zijderveld, 1967) were plotted and 
characteristic remanent magnetization (ChRM) of each core was determined by principal 
component analysis (PCA; Kirschvink, 1980). Paleomagnetic data were analyzed in 
PuffinPlot software (Lurcock and Wilson, 2012). Fisher statistics were used to calculate 
mean paleomagnetic directions.  
Rock magnetic experiments were performed on 8 representative samples for 
magnetic mineralogy identification. The partial anhysteretic remanent magnetization 
(pARM) measurements were conducted using a modified Schonstedt GSD-5 AF 
demagnetizer with a biasing DC field of 97 µT to study the magnetic grain size 
distribution following Jackson et al. (1988)’s method. We performed stepwise isothermal 
remanent magnetization (IRM) acquisition from 0 T to 1.2 T in 22 steps by an ASC 
impulse magnetometer and fit acquisition curves to resolve magnetic coercivity 
components and their contributions to the saturation isothermal remanent magnetization 
(SIRM) using Kruiver et al. (2001)’s modeling routine. Lowrie tests were employed to 
investigate the thermal behavior of magnetic coercivity components in three orthogonal 
coercivity ranges (0-0.1 T, 0.1-0.6 T and 0.6-1.2 T; Lowrie, 1990). Temperature 
dependence of magnetic susceptibility was measured from 20 °C to 700 °C in an argon 
gas environment in order to minimize magnetic phase transformation during heating and 
cooling. Magnetic susceptibility of a total of 450 unoriented samples was measured with 
an Agico Kappabridge KLY-3S susceptibility meter. The anhysteretic remanent 
magnetization (ARM) of each unoriented sample was applied in a 100-0 mT AF window 
with a biasing DC field of 97 µT. Magnetic susceptibility and ARM values were 
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normalized by sample mass and arranged in stratigraphic order for spectral analysis 
(Figure 2).  
 
3.3 Spectral Analysis 
Using Analyseries software (Paillard, 1996), both magnetic susceptibility and ARM 
cyclostratigraphies were evenly resampled with a 0.1-m interval using simple linear 
interpolation. Any non-periodic trend with the wavelength longer than 45 m was filtered 
out by a Gaussian notch filter with a frequency centered at 45 m-1. Multi-taper method 
(MTM; Thomson, 1982) with 2π prolate multi-tapers was used (Ghil et al., 2002) for 
spectral analysis. Using the SSA-MTM toolkit (Vautard et al., 1992), robust red noise 
(Mann and Lees, 1996) as well as the confidence levels of 90%, 95% and 99% above the 
robust red noise were calculated to identify significant spectral peaks. Only peaks that 
rise above the 95% confidence level are considered in this study. The wavelength of a 
significant peak is calculated by taking the reciprocal of the frequency at the highest 
value of the peak. The error of the wavelength is the width of the spectral peak at the 
95% confidence level. Ratios of the wavelengths of significant peaks were calculated and 
compared to the ratios of theoretical periods of orbital cycles at 550 Ma (Waltham, 2015) 
for Milankovitch cycle identification. Because eccentricity is the most stable 
Milankovitch cycle and has the least uncertainty in its period (Laskar et al., 2011), we 
used the wavelength of the interpreted long eccentricity peak divided by the period of 
long eccentricity to calculate the sediment accumulation rate of the Doushantuo 
Formation. The duration of the Shuram-Wonoka excursion is then determined from the 
stratigraphic thickness of the excursion and the estimated sediment accumulation rate. 
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Uncertainties were propagated throughout all the calculations. Because eccentricity 
variations modulate the amplitude of precession cycles (Weedon, 2003), amplitude 
modulation analysis was conducted on the spectral peaks identified to be a record of 
precession. The magnetic susceptibility and ARM cyclostratigraphies were filtered at the 
wavelength of the spectral peak identified to be precession (~ 22 cm) and the envelopes 
of the filtered cyclostratigraphies were analyzed for eccentricity periodicities (~ 100 cm 
and 400 cm). 
 
3.4 Carbon Isotope  
Because the lower Dongdahe section is difficult to sample (due to it is exposed in a 
cliff), our study did not obtain a record of the entire Shuram-Wonoka excursion. Hence, 
carbon isotope measurements are important for precisely locating the stratigraphic 
positions of our samples compared with the previous carbon isotope study (Zhu et al., 
2007) and determining the part of the excursion that we sampled. Representative whole-
rock samples were rinsed with distilled water and crushed into homogeneous powder. 
Around 350 µg of each sample was reacted with 100% H3PO4 at 70 °C for at least 2 
hours in the presence of He gas and then measured with a Finnigan MAT252 mass 
spectrometer interfaced with a Gas Bench II at Lehigh University’s Stable Isotope 
Geochemistry Laboratory. Regular analysis of a house standard and international 
standard NBS 19 allows monitoring and correction of the data, resulting in a standard 
deviation (1σ) of ~ 0.2‰ for δ13C and δ18O. The δ13C and δ18O values are reported 
relative to VPDB and VSMOW, respectively. 
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3.5 Scanning Electron Microscopy (SEM)  
Representative samples were ground into powder by mortar and pestle and mixed 
with distilled water to create a slurry. The slurry was circulated past a magnetic needle 
for one week to extract the magnetic particles (Hounslow and Maher, 1999). SEM 
examination was undertaken to assess the morphology, size and chemical composition of 
the extracted magnetic particles using a Hitachi TM-1000 tabletop SEM operating at 15 
keV and an Energy-Dispersive Spectrometer (EDS) with a Silicon Drift Detector (SDD) 
at Lehigh University. The SDD has a Be window allowing EDS analyses only of 
elements heavier than Na. 
 
4. Results 
4.1 Paleomagnetic Results 
The natural remanent magnetization (NRM) intensities of our samples are less than 
1.0 mA/m, which are typical values for limestone. Both thermal and AF 
demagnetizations yield consistent results (Figure 3). The majority of cores (89 out of 
101) have two dominant magnetization components (Figure 3). Component 1 is aligned 
with the present-day geomagnetic field of the Dongdahe section and is easily removed by 
heating to 150 °C. Component 2 univectorially trends into the origin on vector-endpoint 
diagrams and unblocks above 500 °C, which is defined as the ChRM of these cores. 
Since the folding was during the mid-Tertiary, the mean ChRM for each of the 24 sites 
was calculated in stratigraphic coordinates. The mean of the 24 site ChRM means is 
Ds/Is=19.1°/36.5° with α95=2.8° for the Dongdahe section. We noticed that the mean 
ChRM is distant from the expected Ediacaran direction of the Dongdahe section, which is 
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calculated from the Ediacaran geomagnetic pole position of South China suggested by 
Zhang et al. (2015). Then we used the location of the Dongdahe section and the well-
defined geomagnetic pole positions of South China from Huang et al. (2008) to calculate 
the ancient geomagnetic field directions for the Dongdahe section since the Cambrian. 
We observed that the mean ChRM is statistically indistinguishable from the Cretaceous 
geomagnetic field direction of the Dongdahe section (D/I=15.2°/37.3°, α95=5.0° for the 
late-Cretaceous and D/I=11.4°/38.0°, α95=6.5° for the early-Cretaceous; Figure 4). 
  
4.2 Magnetic Mineralogy 
IRM acquisition experiments for representative samples show that the IRM gradually 
increases with applied DC field. Most samples are fully saturated by 0.6 T while some 
samples are not completely saturated by 1.2 T (Figure 5a). IRM modeling indicates that 
IRM acquisition curves can be best fit by two coercivity components, a soft component 
with the mean coercivity lower than 65 mT and a hard component with the mean 
coercivity higher than 1.5 T (Figure 5; Table 1). Lowrie tests show that the remanence of 
the hard component can be easily removed by 100 °C (Figure 6). Based on its high 
coercivity (0.6-1.2 T) and low unblocking temperature (< 100 °C), the hard component is 
probably goethite. The soft component largely unblocks by 500-550 °C (Figure 6), which 
is close to the Curie temperature of magnetite. The results of thermomagnetic 
experiments also support the existence of magnetite. Representative susceptibility-
temperature (K-T) curves show a sharp decrease of magnetic susceptibility at 500-560 °C 
during heating. A Hopkinson peak appears at temperatures immediately below the 
unblocking temperature on a heating curve (Figure 7b). An increase of magnetic 
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susceptibility was also noticed on cooling curves (Figure 7a), indicating new 
ferromagnetic minerals were produced through magnetic phase transformation during 
heating. The pARM experiments indicate one grain size distribution of magnetite. The 
peak of the pARM intensities lies in 15-20 mT range (Figure 8), implying that the mean 
size of magnetite grains is about 5 µm based on Jackson et al. (1988). This grain size is 
larger than the single domain (SD) threshold for magnetite (Butler and Banerjee, 1975). 
Therefore, the magnetite grains in our samples are probably pseudo-single domain (PSD) 
or small multi-domain (MD) in size, which explains why its unblocking temperature is 
lower than the Curie temperature for SD magnetite. 
 
4.3 Spectral Analysis 
MTM spectral analysis of the 45-m magnetic susceptibility cyclostratigraphy of the 
Doushantuo Formation shows a suite of significant peaks which rise above the 95% 
confidence limits of the robust red noise, the wavelengths of which are 427 cm, 85 cm, 
30 cm, 27 cm, 22 cm and 21 cm (Figure 9a; Table 2). MTM spectral analysis of the 45-m 
ARM cyclostratigraphy of the Doushantuo Formation yields significant peaks at similar 
frequencies with the wavelengths of 410 cm, 136 cm, 29 cm, 28 cm, 26 cm and 22 cm 
(Figure 9b; Table 2). The wavelengths of significant peaks obtained independently from 
magnetic susceptibility and ARM spectra are not exactly identical, but given the errors of 
their wavelengths, the two spectra reveal consistent significant peaks at ~ 420 cm, ~ 100 
cm, ~ 28 cm and ~ 22 cm. 
The spectral analysis of the envelope of the filtered magnetic susceptibility 
cyclostratigraphy reveals peaks at 2048 cm, 640 cm, 427 cm, 256 cm, 116 cm, 99 cm and 
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76 cm (Figure 10c). The spectral analysis of the envelope of the filtered ARM 
cyclostratigraphy reveals peaks at 2048 cm, 602 cm, 445 cm, 233 cm, 107 cm, 89 cm and 
80 cm (Figure 10d). 
 
4.4 Carbon Isotope Stratigraphy 
The base of the upper Dongdahe section has a δ13C value of -8.4‰. δ13C values 
decrease upsection to the lowest value of -9.8‰ that is 23.5 m below the bottom of the 
black shale, and gradually increase upsection to -1.8‰ at the base of the black shale. Our 
carbon isotope profile agrees well with that of Zhu et al. (2007; Figure 2b). Based on 
stratigraphic and carbon isotope correlations with previously published data, the 45-m 
upper Dongdahe section we sampled records 49.9 ± 5.2% of the Shuram-Wonoka 
excursion. 
 
4.5 SEM Examination 
The search for magnetic grains under the SEM focused on identification grains 
showing strong Fe peaks in EDS spectra. Sulfur was not observed in the EDS spectra of 
the Fe-rich grains, suggesting that our samples are dominated by Fe oxides rather than Fe 
sulfides (Figure 11b and 11c). In combination with the evidence from rock magnetic 
experiments, we interpret the Fe oxides to be magnetite. The magnetite grains are 
angular, irregularly shaped, and about 4-6 µm in size (Figure 11a). This grain size is 
consistent with the results of pARM experiments and suggests that we were able to 
magnetically separate the dominant grain size of magnetite in the rocks. Some clay 
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minerals and carbonates were not completely removed and were adhered to the surface of 
the magnetite grains, thus we also detected Si, Al and Ca in the EDS spectra. 
 
5. Discussion 
5.1 Remagnetization 
The majority of our paleomagnetic samples have been completely remagnetized, 
most probably by a Cretaceous orogenic event. This interpretation is based on the 
observation that the mean ChRM of the Dongdahe section in stratigraphic coordinates is 
statistically indistinguishable from the Cretaceous paleomagnetic field direction 
calculated from the Cretaceous pole for South China (Huang et al., 2008; Figure 3). For 
decades, paleomagnetic studies conducted throughout South China have indicated that 
the Paleozoic and Mesozoic sedimentary rocks were pervasively remagnetized from the 
Early Mesozoic to the recent (e.g. Kent et al., 1985; Dobson and Heller, 1992; Wang and 
Van der voo, 1993; Huang and Opdyke, 1996), but primary magnetization has been 
recently reported at another exposure of the excursion in South China (Zhang et al., 
2015). The remagnetizations are mainly attributed to broad regions affected by of 
orogenic events in South China, i.e. the Mesozoic Indosinian and Yanshanian orogenies 
and the Cenozoic Indo-Asian collision (Dobson and Heller, 1992). Since the 
remagnetization was coeval to the Cretaceous Yanshanian orogeny, we consider two 
orogeny-related remagnetization mechanisms to be the most reasonable possibilities: (1) 
thermoviscous remanent magnetization (TVRM) and (2) chemical remanent 
magnetization (CRM).  
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Rock magnetic experiments clearly show the presence of goethite and magnetite. 
Goethite was probably formed by recent weathering since its remanence is parallel to the 
present-day geomagnetic field of the Dongdahe section and is completely removed by 
thermal demagnetization at 150 °C. Therefore, goethite does not contribute to the ChRM. 
The ChRM is carried by magnetite. Hence, determining the origin of the magnetite in our 
samples is critical for understanding the remagnetization mechanism and the validity of 
the rock magnetic cyclostratigraphy. 
Careful SEM examinations show that magnetite grains in our samples are angular 
and irregular in shape, suggesting that they are likely to be detrital grains rather than 
authigenic magnetite, and latter which usually have a botryoidal, spheroidal or euhedral 
morphology (McCabe et al., 1983; Karlin, 1990; Suk et al., 1990; Zhang et al., 2016). 
Also, the magnetite grains examined by SEM are uniform in size, about 5 µm and 
therefore in the PSD/small MD range for magnetite. The pARM experiment also shows 
only one grain size distribution that is consistent with the SEM observation. Given that 
detrital magnetite is the carrier of the ChRM, and that there is no evidence of authigenic 
magnetite that would carry a CRM, we prefer the TVRM rather than the CRM 
mechanism to explain the remagnetization. Since the detrital magnetite is PSD/small MD 
in size, the postulated TVRM remagnetization is likely to have been acquired at lower 
temperatures, probably between 250-300 °C based on Middleton and Schmidt (1982)’s 
model. This temperature is much lower than that predicted by Pullaiah et al. (1975)’s 
theory for SD grain. All evidence shows the magnetite grains are detrital in origin. Thus 
we can assume that the spectral peaks resolved from the magnetic susceptibility and 
ARM cyclostratigraphies to be the result of depositional processes. For the Ordovician El 
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Paso and Montoya formations in New Mexico, Jackson and Van der Voo (1986) 
suggested that PSD magnetite in dolomites acquired a Brunhes remagnetization by a 
TVRM mechanism. This TVRM is also more stable than Pullaiah et al. (1975)’s theory 
predicts and is considered to have resulted from transdomain processes in PSD and very 
small MD grains as suggested by Moon and Merrill (1986). The PSD/small MD 
magnetite grains in our samples are detrital in origin, were exposed to high temperature 
(probably 250-300 °C) during the late Mesozoic Yanshanian orogeny in South China, 
then were thermally reset and acquired a stable TVRM in the Cretaceous normal polarity 
superchron. 
 
5.2 Duration of the Shuram-Wonoka Excursion 
Spectral analysis of the magnetic susceptibility and ARM cyclostratigraphies 
exhibits significant peaks at consistent frequencies (Figure 9). If the ~ 420 cm peak is set 
to long eccentricity, the ratios of the wavelengths of these peaks for a given dataset agree 
well with the ratios of expected periods of Milankovitch cycles in the Ediacaran (Table 
2). Hence, we identify these peaks to be Milankovitch cycles in scale. In the magnetic 
susceptibility spectrum, when we set the 427 cm peak to 405.6 kyr (long eccentricity), 
then the 85 cm peak is 80.7 kyr in duration (close to short eccentricity 94.9 kyr), the 
peaks at 30 cm and 27 cm are 28.5 kyr and 25.6 kyr in duration (close to obliquity 36.2-
27.6 kyr), and the peaks at 22 cm and 21 cm are 20.9 kyr and 19.9 kyr in duration (close 
to precession 22.0-15.5 kyr). In the ARM spectrum, when the 410 cm peak is set to 405.6 
kyr (long eccentricity), then the peak at 136 cm is 134.5 kyr in duration (chose to short 
eccentricity 123.9 kyr), the peaks at 29 cm, 28 cm and 26 cm are 28.7 kyr, 27.7 kyr and 
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25.7 kyr in duration (close to obliquity 36.2-27.6 kyr), and the peak at 22 cm is 21.7 kyr 
in duration (close to precession 22.0-15.5 kyr). Spectral analysis of the envelopes of the 
precession-filtered magnetic susceptibility and ARM cyclostratigraphies clearly shows 
that our pick for precession is modulated by several cycles (Figure 10). The peak at ~ 
2050 cm may represent the 2.4 Myr cycle of long-term variations in eccentricity. Peaks at 
~ 430 cm, ~ 110 cm and ~ 94 cm correspond to long (405.6 kyr) and short eccentricities 
(123.9 kyr ad 94.9 kyr). Although peaks at other wavelengths are also observed and 
difficult to interpret, amplitude modulation analysis shows that the interpreted precession 
is modulated by eccentricity, providing further evidence in support of astronomical 
forcing (Figure 10).  
We take the average wavelength of long eccentricity peak (427 cm peak in magnetic 
susceptibility spectrum and 410 cm peak in ARM spectrum) and calculate the sediment 
accumulation rate of the Doushantuo Formation to be 1.03 cm/kyr. This sediment 
accumulation rate is the low end of the typical rates for a carbonate platform, which is not 
observed commonly in present day carbonate platform environments but such low rates 
have been reported from i.e. the Devonian St. George Group in western Newfoundland 
and the Triassic Trogkofel Formation in southern Alps (synthesized by Bosscher and 
Schlager, 1993).  
The cyclicities observed in magnetic susceptibility and ARM data series suggests 
that global astronomically-forced climate cycles were encoded by the concentration 
variations of detrital magnetite. The same encoding mechanism has also been observed 
from the Eocene Arguis Formation in Spanish Pyrenees (Kodama et al., 2010) and the 
Triassic Daye Formation in South China (Wu et al., 2012). Considering the low-latitude 
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position of the Yangtze carbonate platform in the Ediacaran (Zhang et al., 2015), it is 
likely that large variations in monsoon intensity between eccentricity maxima and 
minima controlled the amount of terrestrial siliciclastics that were deposited into a 
background of relatively constant marine carbonate production. Specifically, the 
eccentricity maxima would result in hotter summers, which would increase the 
temperature gradient between land and ocean and intensify precipitation and weathering, 
delivering more iron-bearing minerals from the continent to the ocean, and vice versa. 
Kodama and Hinnov (2015) point out that misidentification of Milankovitch cycles 
could occur if the ratio of these cycles is the only basis for identification without other 
age constraints. This issue is also thoroughly discussed by Waltham (2015). The least 
robust interpretation results from using the ratio of only two Milankovitch cycles for 
spectral peak identification. For example, the depositional duration of the Triassic 
Latemar carbonate platform from northern Italy was mistakenly thought to be ca.12 Myr 
because the 5:1 bundling of facies cyclicity was misinterpreted to be the ratio of short 
eccentricity to precession (Hinnov and Goldhammer, 1991). This estimated duration was 
incompatible with the 2 Myr duration obtained by U-Pb zircon dating (Mundil et al., 
2003). It was not until magnetostratigraphies were established that workers realized the 
5:1 bundling was actually the ratio of precession to sub-Milankovitch cycles (Kent et al., 
2004; Spahn et al., 2013), which confirmed the 2 Myr duration. It should be pointed out 
that we make spectral peak identification based on the ratios of a suite of Milankovitch 
cycles (long eccentricity, short eccentricity, obliquity and precession) in this study, which 
effectively reduces the chance of misinterpretation.  
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Using the sediment accumulation rate obtained from spectral analysis, we estimate 
that the duration of the 45-m upper Dongdahe section was deposited over a period of 4.6 
Myr. Since the lithology and depositional environment were fairly invariant at the 
Dongdahe section, if this sediment accumulation rate is assumed to have remained 
constant, the entire Shuram-Wonoka excursion in South China is 9.4 ± 1.0 Myr in 
duration. Our estimate agrees, within uncertainty, with the results for the Johnnie 
Formation of the Death Valley region, North America (8.2 ± 1.2 Myr; Minguez et al., 
2015), and the Wonoka Formation, South Australia (8.0 ± 0.5 Myr; Minguez and 
Kodama, in prep.). The similar duration of the Shuram-Wonoka excursion over multiple 
continents strongly supports the previously suggested primary origin for the excursion. 
 
5.3 Age of the Shuram-Wonoka Excursion  
Among available age constraints of the Shuram-Wonoka excursion, the U-Pb age of 
551.1 ± 0.7 Ma obtained from an ash layer at top of the black shale of the Doushantuo 
Formation in the Yangtze Gorges area has been regarded as a robust age of the excursion’ 
termination in global studies (Condon et al., 2005; Le Guerroué et al., 2006; Fike et al., 
2006; Zhu et al., 2007; Lu et al., 2013; Minguez et al., 2015). But recent Re-Os dating of 
the bottom of the black shale in the Doushantuo Formation yields an age of 591.1 ± 5.3 
Ma, indicating that the black shale was deposited at least over a 35 Myr period (Zhu et 
al., 2013). This long depositional interval appears to require an unreasonably low 
accumulation rate for such a lithology. Besides, this Re-Os age of 591.1 ± 5.3 Ma is 
questioned by Kendall et al. (2015), who argue that post-depositional processes have 
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disturbed the data’s reliability. Hence, we prefer the U-Pb age of 551.1 ± 0.7 Ma as the 
age of the Shuram-Wonoka excursion’s termination. 
Le Guerroué et al. (2006) suggest that the age of the excursion’s onset is ca. 600 Ma 
based on the SHRIMP U-Pb detrital zircon age of 609 ± 7 Ma obtained from the Khufai 
Formation of the Huqf region, Oman. If it is true, the duration of the Shuram-Wonoka 
excursion would be 50 million years. Although Le Guerroué et al. (2006) proposed a 
thermal subsidence model to explain the prolonged duration of the excursion in Oman, 
this model is difficult to apply to other occurrences of the excursion given their different 
depositional environments and varied stratigraphic thicknesses (Lu et al., 2013). In 
addition, the detrital zircon data can only constrain the maximum age of the excursion’s 
onset, but the actual age of its onset could be considerably younger. Besides, neither the 
proposed origin of the excursion, including the oxidation of a large dissolved organic 
carbon (DOC) reservoir (Rothman et al., 2003), nor the massive release of methane 
hydrates (Bjerrum and Canfield, 2011) could accommodate the 50 Myr duration of the 
excursion. 
If we accept the 551.1 ± 0.7 Ma as the age of the excursion’s termination and the ca. 
9 Myr duration estimated from sections in South China, North America and South 
Australia, the age of the excursion’s onset would be ca. 560 Ma. This age provides a 
robust chronostratigraphic framework for evaluating the relationship between the 
excursion and life evolution in the Ediacaran. In this scenario, the Shuram-Wonoka 
excursion postdated the Gaskiers glaciation (ca. 580 Ma; Halverson et al., 2005) and the 
first appearance of the Ediacaran-type biota (ca. 575 Ma; Bowring et al., 2003). One 
possibility is that the diversification of the Ediacaran-type biota enhanced the buildup of 
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the large dissolved organic carbon (DOC) reservoir in the deep ocean (Condon et al., 
2005), the following oxidation of the DOC reservoir produced the Shuram-Wonoka 
excursion (Rothman et al., 2003), and the final exhaustion of the DOC reservoir ensured 
that a sufficient amount of oxygen was available for the diversification of the metazoan 
life in the Ediacaran. 
 
6. Conclusions  
(1) Paleomagnetic analysis indicates that a complete Cretaceous remagnetization 
overprinted the primary remanence of the samples from the Ediacaran Doushantuo 
Formation at the Dongdahe section in eastern Yunnan province, South China. Detailed 
rock magnetic and scanning electron microscopic experiments show that the pseudo-
single domain/small multi-domain magnetite grains are probably detrital rather than 
authigenic in origin. We infer that samples acquired a stable thermoviscous remanent 
magnetization during the late Mesozoic Yanshanian orogeny in the Cretaceous normal 
polarity superchron in South China. 
(2) Multi-taper method spectral analysis of magnetic susceptibility and anhysteretic 
remanent magnetization cyclostratigraphies of the Doushantuo Formation at the 
Dongdahe section reveals significant peaks at expected Ediacaran Milankovitch 
frequencies. The sediment accumulation rate of the Doushantuo Formation is estimated to 
be 1.03 cm/kyr, which gives the entire Shuram-Wonoka excursion a duration of 9.4 ± 1.0 
Myr. This duration is consistent with the results from North America and South 
Australia, hence reinforcing the suggestion of a primary origin for the excursion. 
Combined with available geochronological data, the age of the Shuram-Wonoka 
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excursion’s onset is suggested to be ca. 560 Ma, providing a robust chronostratigraphic 
framework for evaluating the relationship between the excursion and life evolution in the 
Ediacaran. 
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Table 1 Isothermal remanent magnetization modeling. 
  Component Contribution (%) SIRM (A/m) log B1/2 (mT) B1/2 (mT) DP (mT) 
Dd04a 1 57.1 4.00E-04 1.8 63.1 0.60 
  2 42.9 3.00E-04 3.2 1584.9 0.30 
Dd38a 1 90.0 9.00E-04 1.6 39.8 0.45 
  2 10.0 1.00E-04 3.3 1995.3 0.55 
 
Results of isothermal remanent magnetization acquisition modeling show two coercivity 
components. B1/2 is the mean coercivity. DP is the half-width of the distribution. 
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Table 2 Results of spectral analysis. 
 Long Eccentricity Short Eccentricity Obliquity Precession Ratios 
Milankovitch 
Periods (kyr) 
405.61 123.91 94.91 36.2-27.62 22.0-15.52 1:3.3:4.3:12.7:21.6 
MS (cm) 427 - 85 30; 27 22; 21 1:5.0:14.9:19.8 
ARM (cm) 410 136 - 29; 28; 26 22 1:3.0:14.4:19.0 
 
Theoretical Ediacaran Milankovitch periods match to significant spectral peaks resolved 
from the magnetic susceptibility and ARM spectra in the Doushantuo Formation. 
1 from Laskar (1999). 
2 from Waltham (2015).  
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Figure 1 Geologic Map. Geologic location of the Dongdahe section in eastern Yunnan 
province and the Ediacaran paleogeographic map of the Yangtze carbonate platform in 
South China (modified from Jiang et al., 2011). 
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Figure 2 Stratigraphic Column, Carbon Isotope Stratigraphy and Rock Magnetic 
Cyclostratigraphies. (A) Stratigraphic column of the Dongdahe section. (B) δ13C profile 
of this study is shown by red circles). The carbon isotope data of Zhu et al., (2007) are 
shown by black circles. (C) 45-m magnetic susceptibility cyclostratigraphy of the 
Doushantuo Formation. (D) 45-m anhysteretic remanent magnetization cyclostratigraphy 
of the Doushantuo Formation. Legends for stratigraphic column are: 1. diamictite; 2. 
muddy dolostone; 3. sandstone; 4. dolostone; 5. limestone; 6. black shale. 
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Figure 3 Alternating-field and Thermal Demagnetization. Representative trajectories of 
alternating-field and thermal demagnetization. Vector-endpoint diagrams are in 
stratigraphic coordinates. Open and solid squares are vertical and horizontal vectors, 
respectively. Orange and blue dash lines indicate two remanence components. 
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Figure 4 Equal Area Projection of Paleomagnetic Results. Mean ChRM (red circle), the 
Cretaceous (green and blue circles) and the Ediacaran (orange circle) directions are 
shown with their 95% confidence interval. Black circles indicate the mean ChRM of each 
of 24 sites. 
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Figure 5 Isothermal Remanent Magnetization Modeling. The saturation isothermal 
remanent magnetization is best fit by two coercivity components. Detailed information of 
each coercivity component is shown in Table 1. 
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Figure 6 Lowrie Test. Representative thermal demagnetization of IRM (Lowrie, 1990) in 
three coercivity ranges (0-0.1 T; 0.1-0.6 T; 0.6-1.2 T) shows the high coercivity 
component largely unblocks by 150 °C. 
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Figure 7 Thermomagnetic Analysis. Temperature dependence of magnetic susceptibility 
during heating and cooling. A significant decrease of magnetic susceptibility is noticed 
between 500-540 °C and the Hopkinson peak appears immediately below the Curie 
temperature. 
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Figure 8 Partial Anhysteretic Remanent Magnetization. pARM curves of representative 
samples from the Doushantuo Formation show the peak of pARM intensities lie at ~ 20 
mT. 
  
	   44	  
Figure 9 Spectral Analysis. Multi-taper method spectral analysis of magnetic 
susceptibility and anhysteretic remanent magnetization cyclostratigraphies. Wavelengths 
of significant peaks are shown in red numbers. The robust red noise is represented by red 
line. The 90%, 95% and 99% confidence levels above the robust red noise are indicated 
by green, purple and blue lines, respectively. Orange bands show the expected frequency 
range for long eccentricity (LE), short eccentricity (SE), obliquity (O) and precession (P) 
in the Ediacaran. 
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Figure 10 Amplitude Modulation Analysis. (A) Magnetic susceptibility cyclostratigraphy 
filtered at interpreted precession frequency. (B) ARM cyclostratigraphy filtered at 
interpreted precession frequency. (C) Power spectrum of envelope of filtered magnetic 
susceptibility cyclostratigraphy. (D) Power spectrum of envelope of filtered ARM 
cyclostratigraphy. Orange lines are the envelopes of the amplitude of filtered magnetic 
susceptibility and ARM cyclostratigraphies. Red numbers indicate the peaks revealed in 
spectral analysis of the envelope. 
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Figure 11 Scanning Electron Microscopy. Representative SEM image and energy-
dispersive spectrometer (EDS) spectra of Fe oxides. White circles indicate spots for the 
EDS analyses. The weight % of each element is shown on the EDS spectra. 
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Appendix 
Table 1 Carbon and Oxygen Isotope Data from Doushantuo Formation, Dongdahe 
Section 
Sample Stratigraphic  Position (m) δ13CVPDB (‰) δ18OVSMOW (‰) 
Dd4500 45.0 -1.9 -2.6 
Dd41c 44.1 -6.5 -6.9 
Dd38b 41.0 -5.4 -10.9 
Dd36a 38.7 -6.7 -7.1 
Dd34b 36.5 -5.2 -11.1 
Dd32a 35.1 -6.7 -6.4 
Dd30a 32.4 -8.1 -10.8 
Dd28a 30.6 -8.7 -10.6 
Dd26b 28.9 -8.7 -10.4 
Dd24c 27.3 -8.3 -9.9 
Dd2300 26.0 -7.8 -6.6 
Dd22d 25.0 -7.6 -6.4 
Dd2100 24.0 -7.7 -9.8 
Dd20c 23.0 -8.1 -7.3 
Dd1900 22.0 -9.3 -11.0 
Dd18b 21.5 -9.8 -11.3 
Dd1700 20.0 -9.3 -9.1 
Dd16c 19.3 -9.5 -10.0 
Dd1500 18.0 -9.2 -7.1 
Dd14c 16.9 -9.7 -9.6 
Dd1300 16.0 -9.6 -5.9 
Dd12a 14.8 -9.6 -7.8 
Dd1100 14.0 -7.8 -9.9 
Dd10c 13.5 -8.0 -11.4 
Dd900 12.0 -8.2 -12.6 
Dd08d 11.5 -8.5 -6.4 
Dd700 10.0 -7.9 -12.0 
Dd06A 8.7 -8.5 -2.3 
Dd04b 7.3 -8.6 -2.7 
Dd02b 5.0 -8.8 -5.6 
Ddi100 2.0 -8.7 -2.9 
Ddi300 0.0 -8.4 -3.6 
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Table 2 Paleomagnetic Data in Stratigraphic Coordinates from Doushantuo Formation, 
Dongdahe Section 
Sample 
Stratigraphic  
Position (m) 
NRM intensity 
(A/m) Tilt Dec (°) Tilt Inc (°) MAD 
Dd02a1 2.0 5.20E-06 27.9 33.0 5.5 
Dd02a2 2.0 2.56E-06 24.4 49.6 4.5 
Dd02b     2.0 3.38E-06 27.3 46.5 3.8 
Dd02c      2.0 1.39E-06 19.0 45.1 7.7 
Dd04a    4.3 4.70E-06 23.2 37.1 6.3 
Dd04b        4.3 3.88E-06 20.2 39.7 5.8 
Dd04c1 4.3 4.80E-06 13.1 37.4 6.2 
Dd04c2 4.3 3.97E-06 16.1 36.7 3.4 
Dd06a        5.7 1.33E-05 25.6 31.3 3.0 
Dd06b1 5.9 3.08E-05 5.7 39.8 8.8 
Dd06b2 5.9 2.94E-05 16.5 38.8 2.0 
Dd06c1       6.0 1.41E-05 21.8 30.8 2.7 
Dd06c2     6.0 1.85E-05 28.2 32.8 3.3 
Dd08a  7.6 3.01E-06 55.9 -49.5 4.7 
Dd08b 7.8 5.46E-06 32.5 -4.8 5.9 
Dd08c         8.1 8.98E-06 228.4 0.7 10.4 
Dd08d      8.5 7.66E-06 326.8 -63.5 3.6 
Dd10a 10.0 1.55E-05 15.9 36.5 2.7 
Dd10b1   10.2 4.12E-05 145.9 -67.8 2.1 
Dd10b2 10.2 1.13E-05 111.8 -44.3 3.1 
Dd10c     10.5 5.83E-06 14.3 34.5 7.3 
Dd10d    10.5 5.91E-06 9.4 39.8 6.0 
Dd12a         11.8 3.77E-05 18.5 46.0 2.0 
Dd12b1 11.9 1.22E-04 18.7 40.7 4.2 
Dd12b2        11.9 5.58E-05 21.2 45.0 3.2 
Dd12c        12.0 1.14E-04 14.5 42.6 3.5 
Dd14a1         13.7 4.64E-05 106.1 65.2 5.3 
Dd14a2        13.7 2.07E-04 18.5 46.3 3.9 
Dd14b1 13.8 1.35E-04 28.3 46.8 4.7 
Dd14b2 13.8 2.53E-05 10.2 32.4 3.9 
Dd14c         13.9 2.38E-05 17.9 32.8 6.7 
Dd14d1     14.2 6.58E-05 8.1 39.5 5.5 
Dd14d2     14.2 9.87E-05 24.8 40.8 4.0 
Dd16a1       15.5 7.67E-05 11.8 37.6 4.7 
Dd16a2      15.5 4.35E-05 14.5 29.2 1.4 
Dd16b         15.8 4.31E-05 11.2 38.9 4.9 
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Dd16c         16.2 4.71E-05 20.3 36.0 0.9 
Dd16d        16.2 4.43E-05 18.1 38.5 1.6 
Dd18a1        18.5 1.28E-05 18.4 36.7 3.8 
Dd18a2       18.5 1.78E-05 16.9 38.1 2.9 
Dd18b1 18.5 1.66E-05 26.2 38.8 9.6 
Dd18b2 18.5 1.82E-05 26.2 37.9 2.1 
Dd18c1   18.6 4.76E-06 24.1 35.9 2.5 
Dd18c2    18.6 2.11E-05 18.6 42.5 1.8 
Dd20a      20.0 3.86E-05 7.8 39.3 4.0 
Dd20b1 20.0 6.94E-05 9.2 38.0 5.2 
Dd20b2 20.0 7.02E-05 11.3 42.6 3.3 
Dd20c   20.0 3.65E-05 13.3 37.9 3.2 
Dd22a 21.9 6.12E-05 31.0 51.2 4.3 
Dd22b   22.0 5.11E-05 5.8 41.9 3.1 
Dd22c1 22.0 5.19E-05 25.4 38.0 4.4 
Dd22c2 22.0 5.42E-05 30.6 41.6 3.6 
Dd22d       22.0 4.49E-05 15.1 40.4 2.3 
Dd24a      23.5 1.54E-05 27.8 21.9 3.4 
Dd24b       23.5 1.69E-05 18.3 37.1 2.9 
Dd24c   24.3 3.19E-05 4.7 43.6 2.6 
Dd26a    25.4 4.00E-05 3.4 21.9 1.8 
Dd26b1     25.9 4.44E-05 16.1 27.8 1.4 
Dd26b2 25.9 4.06E-05 14.2 19.2 2.8 
Dd26c1 26.1 4.16E-05 24.5 46.6 4.1 
Dd26c2 26.1 4.97E-05 19.5 44.1 4.1 
Dd26d 26.0 1.98E-05 116.6 25.8 2.8 
Dd28a      27.6 7.64E-05 25.9 35.4 2.1 
Dd28b       27.8 3.04E-05 12.4 44.9 3.0 
Dd28c    28.0 4.78E-05 13.8 19.2 2.2 
Dd28d 27.8 7.04E-05 26.0 51.6 1.9 
Dd30c 29.4 1.31E-05 19.7 35.0 2.1 
Dd30a     29.5 7.94E-05 15.0 34.7 1.0 
Dd30b1 29.5 4.93E-05 14.0 32.2 1.6 
Dd30b2 30.1 6.14E-05 18.5 34.6 2.0 
Dd32a    32.1 7.07E-05 13.1 33.1 1.5 
Dd32b1   32.1 3.39E-05 8.9 30.5 1.5 
Dd32b2       32.1 3.99E-05 11.8 33.4 2.3 
Dd32c 32.1 4.67E-05 9.9 28.2 1.5 
Dd34a1 33.5 6.58E-06 25.9 43.6 7.8 
Dd34a2 33.5 4.85E-06 26.0 35.1 4.8 
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Dd34b 33.5 8.42E-06 11.5 39.5 4.0 
Dd34c 33.7 8.45E-06 44.4 -23.4 4.7 
Dd34d 33.9 6.23E-06 17.6 39.4 3.1 
Dd36a       35.7 3.52E-05 14.7 39.1 2.5 
Dd36b  35.9 2.56E-05 16.6 40.0 3.0 
Dd36c     36.1 2.78E-05 16.7 37.3 2.0 
Dd38a   37.9 2.26E-05 17.5 36.4 2.7 
Dd38b    38.0 1.86E-05 359.1 23.5 9.9 
Dd38c 38.0 1.56E-05 22.9 38.3 5.3 
Dd41a     41.0 2.12E-05 10.0 34.1 2.4 
Dd41b 41.0 1.73E-05 11.4 38.1 2.5 
Dd41c      41.1 2.26E-05 5.9 35.9 2.4 
Dd55c 54.8 1.69E-05 24.9 31.6 4.1 
Dd55a 55.0 4.01E-06 155.6 -10.1 9.5 
Dd55b 55.0 1.66E-05 24.3 36.3 5.3 
Dd58a 57.7 2.70E-05 34.9 33.1 3.6 
Dd58b 58.0 1.17E-04 49.8 7.4 5.3 
Dd58c   57.9 6.02E-05 34.1 42.6 6.2 
Dd61a      60.3 8.00E-06 17.2 41.6 7.1 
Dd61b 60.4 4.60E-05 26.5 35.4 6.1 
Dd61c     60.6 3.31E-05 44.7 34.1 5.5 
Dd63a 63.3 8.94E-05 218.0 -29.3 5.6 
Dd63b      63.3 2.77E-05 216.5 -22.5 1.1 
Dd63c1 63.8 2.20E-05 20.6 14.3 10.4 
Dd63c2 63.8 2.70E-05 30.6 34.0 17.8 
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Table 3 Filtered Magnetic Susceptibility and Anhysteretic Remanent Magnetization 
Cyclostratigraphies 
Sample Stratigraphic Position (m) 
 Magnetic Susceptibility 
(m3/kg) ARM (Am2/kg) 
Dd0000 0.0  1.43E-02 -6.83E-06 
Dd0010 0.1  3.63E-03 -6.84E-06 
Dd0020 0.2  5.05E-03 -6.52E-06 
Dd0030 0.3  -2.13E-04 -5.72E-06 
Dd0040 0.4  1.52E-02 -4.09E-06 
Dd0050 0.5  -5.83E-03 -5.89E-06 
Dd0060 0.6  -6.63E-03 -5.63E-06 
Dd0070 0.7  1.03E-02 -5.30E-06 
Dd0080 0.8  5.14E-03 -4.72E-06 
Dd0090 0.9  1.17E-02 -4.01E-06 
Dd0100 1.0  1.26E-02 -3.97E-06 
Dd0110 1.1  1.23E-02 -3.75E-06 
Dd0120 1.2  1.19E-02 -2.76E-06 
Dd0130 1.3  2.94E-02 -2.77E-06 
Dd0140 1.4  -4.27E-03 -2.91E-06 
Dd0150 1.5  -1.02E-02 -2.92E-06 
Dd0160 1.6  -9.35E-03 -2.92E-06 
Dd0170 1.7  -1.84E-02 -2.78E-06 
Dd0180 1.8  9.04E-03 -2.22E-06 
Dd0190 1.9  5.00E-03 -2.24E-06 
Dd0200 2.0  -3.99E-03 -2.15E-06 
Dd0210 2.1  8.36E-03 -1.74E-06 
Dd0220 2.2  2.91E-02 -3.00E-08 
Dd0230 2.3  4.26E-02 5.40E-07 
Dd0240 2.4  7.00E-03 1.12E-06 
Dd0250 2.5  -2.55E-02 -3.20E-07 
Dd0260 2.6  2.14E-02 1.89E-06 
Dd0270 2.7  -3.16E-02 -1.54E-06 
Dd0280 2.8  1.87E-02 2.12E-06 
Dd0290 2.9  2.32E-02 2.20E-06 
Dd0300 3.0  1.89E-02 2.25E-06 
Dd0310 3.1  -2.95E-02 -1.18E-06 
Dd0320 3.2  -3.42E-02 -1.56E-06 
Dd0330 3.3  -3.41E-02 -1.47E-06 
Dd0340 3.4  -2.66E-02 -1.51E-06 
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Dd0350 3.5  -3.04E-02 -1.55E-06 
Dd0360 3.6  -2.02E-02 -1.30E-06 
Dd0370 3.7  -7.34E-03 -1.17E-06 
Dd0380 3.8  1.61E-02 -4.50E-07 
Dd0390 3.9  2.96E-02 5.30E-07 
Dd0400 4.0  2.86E-02 -2.40E-07 
Dd0410 4.1  -1.48E-02 1.98E-06 
Dd0420 4.2  3.15E-02 1.33E-06 
Dd0430 4.3  -2.53E-02 5.00E-08 
Dd0440 4.4  -1.97E-02 -1.90E-07 
Dd0450 4.5  1.18E-02 9.83E-06 
Dd0460 4.6  8.53E-03 -6.60E-07 
Dd0470 4.7  8.92E-03 2.50E-07 
Dd0480 4.8  7.33E-03 -3.00E-07 
Dd0490 4.9  -1.20E-02 3.00E-08 
Dd0500 5.0  -4.56E-02 4.70E-07 
Dd0510 5.1  -6.15E-03 -4.20E-07 
Dd0520 5.2  8.62E-03 1.20E-07 
Dd0530 5.3  3.34E-03 -4.70E-07 
Dd0540 5.4  -1.17E-03 -5.30E-07 
Dd0550 5.5  -4.91E-03 -1.12E-06 
Dd0560 5.6  8.89E-03 -1.01E-06 
Dd0570 5.7  -3.44E-04 -8.50E-07 
Dd0580 5.8  1.43E-02 -6.10E-07 
Dd0590 5.9  1.46E-02 -1.20E-07 
Dd0600 6.0  9.52E-03 1.00E-07 
Dd0610 6.1  -1.41E-03 3.70E-07 
Dd0620 6.2  7.24E-04 9.20E-07 
Dd0630 6.3  -6.24E-03 -6.40E-07 
Dd0640 6.4  3.19E-03 -5.80E-07 
Dd0650 6.5  1.47E-02 -4.90E-07 
Dd0660 6.6  -7.08E-03 -5.80E-07 
Dd0670 6.7  8.25E-04 -7.70E-07 
Dd0680 6.8  -1.34E-02 3.95E-06 
Dd0690 6.9  -1.71E-02 -1.29E-06 
Dd0700 7.0  -1.56E-03 -1.28E-06 
Dd0710 7.1  -6.71E-03 -3.90E-07 
Dd0720 7.2  6.96E-03 7.80E-07 
Dd0730 7.3  -9.52E-03 -4.90E-07 
Dd0740 7.4  -2.19E-02 3.70E-07 
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Dd0750 7.5  3.08E-03 -1.14E-06 
Dd0760 7.6  -4.74E-03 9.00E-08 
Dd0770 7.7  8.58E-03 3.90E-07 
Dd0780 7.8  1.16E-02 -1.11E-06 
Dd0790 7.9  2.83E-02 3.00E-08 
Dd0800 8.0  -6.41E-03 3.20E-07 
Dd0810 8.1  -3.93E-03 -1.30E-06 
Dd0820 8.2  -1.40E-02 -2.58E-06 
Dd0830 8.3  3.86E-03 -1.18E-06 
Dd0840 8.4  1.23E-02 2.48E-06 
Dd0850 8.5  -2.85E-03 -2.52E-06 
Dd0860 8.6  3.02E-02 7.48E-06 
Dd0870 8.7  2.83E-02 6.26E-06 
Dd0880 8.8  2.56E-02 2.67E-06 
Dd0890 8.9  3.28E-02 5.42E-06 
Dd0900 9.0  1.26E-02 -2.35E-06 
Dd0910 9.1  -1.74E-02 -2.80E-06 
Dd0920 9.2  1.43E-02 -2.57E-06 
Dd0930 9.3  -1.13E-02 -3.41E-06 
Dd0940 9.4  -2.74E-03 -3.25E-06 
Dd0950 9.5  -3.96E-02 -4.19E-06 
Dd0960 9.6  -4.22E-02 -3.34E-06 
Dd0970 9.7  -3.04E-02 -3.43E-06 
Dd0980 9.8  1.02E-02 2.22E-05 
Dd0990 9.9  -2.14E-02 -3.90E-06 
Dd1000 10.0  -6.06E-03 5.92E-06 
Dd1010 10.1  -3.58E-02 -1.89E-06 
Dd1020 10.2  1.19E-02 5.00E-08 
Dd1030 10.3  1.83E-02 2.01E-05 
Dd1040 10.4  6.71E-04 1.93E-05 
Dd1050 10.5  -1.25E-02 -4.18E-06 
Dd1060 10.6  -6.00E-03 -3.43E-06 
Dd1070 10.7  -1.31E-02 -3.23E-06 
Dd1080 10.8  1.35E-02 -3.41E-06 
Dd1090 10.9  1.48E-02 -3.28E-06 
Dd1100 11.0  -3.24E-04 -2.19E-06 
Dd1110 11.1  -6.19E-03 -3.15E-06 
Dd1120 11.2  -1.32E-02 -4.78E-06 
Dd1130 11.3  2.74E-03 -4.56E-06 
Dd1140 11.4  5.21E-03 -4.40E-07 
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Dd1150 11.5  -6.94E-03 -5.39E-06 
Dd1160 11.6  1.40E-02 -1.58E-06 
Dd1170 11.7  5.32E-03 -5.13E-06 
Dd1180 11.8  -3.48E-03 -4.98E-06 
Dd1190 11.9  2.34E-03 -5.65E-06 
Dd1200 12.0  -1.72E-02 -5.16E-06 
Dd1210 12.1  9.53E-03 -5.90E-06 
Dd1220 12.2  2.99E-02 -7.10E-07 
Dd1230 12.3  3.34E-02 -2.21E-06 
Dd1240 12.4  -1.38E-02 -3.49E-06 
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Dd1450 14.5  -1.15E-02 4.59E-06 
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Dd2110 21.1  4.45E-03 7.79E-06 
Dd2120 21.2  -6.67E-03 -4.53E-06 
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Dd2140 21.4  -2.30E-02 -1.30E-06 
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Dd2220 22.2  3.05E-03 -1.32E-06 
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Dd2300 23.0  3.00E-02 5.89E-06 
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Dd2850 28.5  1.15E-02 1.42E-05 
Dd2860 28.6  6.76E-03 1.19E-05 
Dd2870 28.7  4.97E-03 -1.42E-05 
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Dd2890 28.9  -6.98E-03 -6.67E-06 
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Dd2960 29.6  -4.82E-03 -1.82E-05 
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Dd3120 31.2  9.04E-03 1.62E-05 
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Dd3480 34.8  2.14E-02 -8.34E-06 
Dd3490 34.9  1.60E-02 1.60E-06 
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Dd3570 35.7  -1.66E-02 -3.65E-06 
Dd3580 35.8  1.22E-02 1.02E-05 
Dd3590 35.9  2.60E-02 2.94E-05 
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Dd3650 36.5  -2.93E-02 -1.29E-05 
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Dd3750 37.5  -1.52E-02 -4.41E-06 
Dd3760 37.6  -3.11E-03 -2.54E-06 
Dd3770 37.7  -5.32E-03 -6.61E-06 
Dd3780 37.8  -2.09E-04 -3.61E-06 
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Dd3820 38.2  5.46E-02 2.17E-06 
Dd3830 38.3  5.11E-02 5.30E-07 
Dd3840 38.4  3.30E-02 1.61E-05 
Dd3850 38.5  2.02E-02 2.14E-05 
Dd3860 38.6  2.55E-02 2.76E-05 
Dd3870 38.7  2.04E-02 1.50E-05 
Dd3880 38.8  2.76E-02 1.29E-05 
Dd3890 38.9  2.89E-02 1.21E-05 
Dd3900 39.0  2.36E-02 1.14E-05 
Dd3910 39.1  2.46E-02 7.50E-07 
Dd3920 39.2  1.81E-02 4.74E-06 
Dd3930 39.3  1.60E-02 5.71E-06 
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Dd3950 39.5  -2.46E-02 -1.08E-05 
Dd3960 39.6  -2.51E-02 -1.01E-05 
Dd3970 39.7  -1.78E-02 -6.36E-06 
Dd3980 39.8  -2.18E-02 -8.21E-06 
Dd3990 39.9  -2.17E-02 -8.97E-06 
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Dd4020 40.2  -7.08E-03 -3.54E-06 
Dd4030 40.3  -1.49E-02 -4.95E-06 
Dd4040 40.4  -3.06E-03 -3.20E-07 
Dd4050 40.5  1.79E-04 -7.80E-07 
Dd4060 40.6  -1.73E-03 5.79E-06 
Dd4070 40.7  -7.66E-03 2.35E-06 
Dd4080 40.8  5.03E-03 8.62E-06 
Dd4090 40.9  7.77E-03 1.49E-06 
Dd4100 41.0  2.27E-03 -1.14E-06 
Dd4110 41.1  -2.49E-02 -1.04E-05 
Dd4120 41.2  -2.05E-02 -7.37E-06 
Dd4130 41.3  -1.63E-02 -2.84E-06 
Dd4140 41.4  -4.49E-03 1.53E-06 
Dd4150 41.5  -2.10E-02 -5.49E-06 
Dd4160 41.6  -2.02E-02 -5.29E-06 
Dd4170 41.7  -1.13E-02 -4.27E-06 
Dd4180 41.8  -1.77E-02 -4.92E-06 
Dd4190 41.9  -8.15E-03 6.10E-07 
Dd4200 42.0  -1.59E-02 -3.81E-06 
Dd4210 42.1  1.90E-03 6.13E-06 
Dd4220 42.2  8.84E-03 3.84E-06 
Dd4230 42.3  2.62E-02 4.16E-06 
Dd4240 42.4  2.05E-02 4.45E-06 
Dd4250 42.5  1.94E-02 3.59E-06 
Dd4260 42.6  1.79E-02 4.53E-06 
Dd4270 42.7  1.68E-02 2.76E-06 
Dd4280 42.8  2.15E-02 1.80E-06 
Dd4290 42.9  -1.55E-02 -7.58E-06 
Dd4300 43.0  8.57E-03 2.29E-06 
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Dd4350 43.5  8.28E-03 3.39E-06 
Dd4360 43.6  -7.74E-03 2.48E-06 
Dd4370 43.7  5.07E-03 -2.60E-06 
Dd4380 43.8  1.58E-03 -2.11E-06 
Dd4390 43.9  -4.28E-03 2.42E-06 
Dd4400 44.0  -1.49E-02 -2.18E-06 
Dd4410 44.1  1.92E-03 -3.58E-06 
Dd4420 44.2  -1.90E-04 -6.51E-06 
Dd4430 44.3  1.03E-02 -2.85E-06 
Dd4440 44.4  1.21E-02 -3.01E-06 
Dd4450 44.5  -9.17E-03 2.27E-06 
Dd4460 44.6  -1.55E-03 1.15E-06 
Dd4470 44.7  -9.69E-03 7.00E-07 
Dd4480 44.8  -4.45E-03 4.34E-06 
Dd4490 44.9  7.31E-03 -1.50E-07 
Dd4500 45.0  3.89E-03 -2.11E-06 
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Figure 1 Cross-plot of Carbon and Oxygen Isotope Data from Doushantuo Formation, 
Dongdahe Section. 
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